An important pool of chelatable zinc is present in the synaptic vesicles of mossy fiber terminals from hippocampal CA3 area, being zinc released following single or repetitive electrical stimulation. Previous studies have suggested different synaptic roles for released mossy fiber zinc, including the inhibition of presynaptic calcium and of postsynaptic N-methyl-D-aspartate (NMDA) and gamma amino-butiric acid (GABA A ) receptors. The effect of endogenously released zinc on mossy fiber long-term potentiation (LTP) induction also is not yet established. We have investigated the effect of the permeant zinc chelator N,N,N',N'-tetrakis(2-pyridylmethyl) ethylenediamine (TPEN) on mossy fiber calcium and on synaptic transmission, before and during the application of LTP-inducing stimulation. We have found, using the calcium indicator Fura-2, that single and tetanically-evoked mossy fiber calcium signals are both enhanced in the presence of 20 μM TPEN, while the single field potentials are unaffected. As expected, no effect was observed on the single calcium signals or field potentials obtained at the CA3-CA1 synapses, from the CA1 area, which has a lower concentration of vesicular zinc. These results support the idea that at the hippocampal mossy fiber synapses, released zinc inhibits presynaptic calcium mechanisms. A higher concentration of TPEN (100 μM) significantly reduced mossy fiber synaptic transmission but did not prevent the induction of mossy fiber LTP, suggesting that zinc is not required for the formation of this form of LTP.
It was a great privilege for me (ME Q-F) to have had Professor Eduardo Rojas as supervisor during my Ph.D. work carried out at the University of East Anglia, in England, in the period [1978] [1979] [1980] [1981] . The first impression I had of him was of a very lively and passionate scientist and scholar, with an extraordinary capacity for work and dedication to science. Among his many gifts, he easily transmitted his enormous enthusiasm for the issues in question, being extremely careful in the experimentation and highly rigorous in the analysis and interpretation of the results. He joyfully shared his vast and thoughtful knowledge with a profound empathy and belief, being highly supportive of all those near him. On the personal level, Eduardo was an extremely friendly, informal and compassionate person, with a special love for music and nature. There were many happy social occasions in which he participated or that he and his wife, Illani, organized. I especially remember the parties at their home, where all his Ph.D. students and collaborators were welcome. Besides the special food, there was always a very warm and cultural atmosphere including music and the exchange of ideas about subjects such as literature or social policies.
Thus, the years of my Ph.D. work became a very special period of my life, since due to the unique scientific and human qualities of Eduardo, I could not only get an excellent scientific formation in a friendly and joyful atmosphere, but also profit from his outstanding general knowledge and boundless enthusiasm for life.
INTRODUCTION
The central nervous system contains high levels of chelatable zinc sequestered in the vesicles of glutamatergic terminals, which are particularly numerous in hippocampal mossy fiber synapses (Frederickson and Danscher, 1990; Frederickson et al., 2000) . Zinc is released in a calcium-dependent way, following intense (Assaf and Chung, 1984; Howell et al., 1984) and single (QuintaFerreira et al. 2004 ) mossy fiber stimulation, being taken up by zinc transport processes (Cole et al., 1999) and refilled into synaptic vesicles within less than one minute (Sudhof, 1995; Clemens, 1996) . Vesicular zinc, representing readily available and chelatable zinc, is a minor fraction, approximately 8%, of total zinc in the brain (Frederickson, 1989) . The larger fraction is more or less tightly bound to proteins, with zinc being found in metallothioneins, enzymes, structural proteins, and transcription factors (Vallee and Falchuk, 1993; Cuajungco and Lees, 1997) . There also are many endogenous zinc chelators, such as amino acids, which have cysteine and hystidine affinities for zinc of between 10 18 M -1 and 10 12 M -1 , respectively, and proteins with lower affinities, approximately 10 7 M -1 (Cuajungco and Lees, 1997) . Thus, the intracellular resting zinc concentration is tightly regulated probably being in the subnanomolar range due to high-affinity binding (Frederickson et al., 2000) .
Zinc
interacts with several neurotransmitter receptors and ion channels (Harrison and Gibbons, 1994; Smart et al., 1994) and is thought to have a neuromodulatory role at the mossy fiber synapses, which contain a very high density of ATP-sensitive potassium channels (Mourre et al., 1991; Tremblay et al., 1991; Zawar et al., 1999) . At those synapses, zinc inhibits postsynaptic NMDA and GABA A receptor activity (Vogt et al., 2000; Ruiz et al., 2004 , but see also Lopanstev et al., 2003) , presynaptic calcium mechanisms, possibly voltage-dependent calcium channels , and activates presynaptic ATPsensitive potassium channels (Bancila et al., 2004) . It also has been reported that zinc may enter neurons through voltage-dependent calcium channels or via AMPA/kainate and NMDA receptor channels (Sensi et al., 1997; Marin et al., 2000) and that intense zinc release may lead to zinc neurotoxicity and neuronal disorders (Cuajungco and Lees, 1997; Choi and Koh, 1998; Weiss et al., 2000; Frederickson et al., 2005) . The effects of excessive zinc exposure may be prevented or attenuated by zinc chelators, which in this case have a neuroprotective action. On the other hand, chelators may cause a toxic effect if they remove metal ions from high-affinity binding sites on intracellular proteins, which are required for normal activity. This has been proposed for the permeant heavy metal chelator N,N,N',N'-tetrakis(2-pyridylmethyl) ethylenediamine (TPEN), which is considered to be intrinsically toxic at high concentrations (Ahn et al., 1998; Armstrong et al., 2001; Canzoniero et al., 2003) .
The mossy fiber synapses have a characteristic form of long-term potentiation (LTP) that is independent of the activation of N-methyl-D-aspartate (NMDA) receptors, and it is generally considered that its expression is mediated by an increase in neurotransmitter release (Nicoll and Malenka, 1995) . The role of zinc on mossy fiber synaptic transmission and plasticity processes has been the subject of various studies, namely on the effect of zinc on normal synaptic transmission, paired-pulse facilitation, and mossy fiber LTP. No substantial controversy exists about the first two processes. It is generally assumed that endogenously released zinc has no effect on normal synaptic transmission Vogt et al., 2000; Li et al., 2001a; Lopantsev et al., 2003) or pairedpulse facilitation (Khulusi et al., 1986) . However, the role of zinc in the formation of mossy fiber LTP is not yet established, leading different experimental conditions to two types of results. Application of the permeant zinc chelator 1,2 diethyl-3-hidroxy-pyridine (CP94) , the extracellular chelator Ca-EDTA (Vogt et al., 2000) or the permeant zinc chelator TPEN did not affect the induction of LTP. Consistent with this, mossy fiber LTP also was induced in transgenic mice, lacking the ZnT3 transporter and, thus, chelatable zinc (Vogt et al., 2000) . However, in other studies using methods like dietary depletion of zinc (Lu et al., 2000) , or different chelators, such as dithizone (Lu et al., 2000) or a higher concentration of Ca-EDTA (Li et al., 2001a) , there was no formation of LTP, suggesting that zinc is implicated in mossy fiber LTP induction.
Despite the considerable amount of information about the processes involved in normal mossy fiber synaptic transmission and LTP, the way that released zinc affects presynaptic calcium during these forms of activity is not well known. We have shown previously that, following the induction of mossy fiber LTP, the zinc chelator TPEN (20 μM), which has a very high affinity for zinc and a low affinity for calcium and magnesium (Arslan et al., 1985) , enhances single-stimuli evoked calcium signals but not the associated field potentials . These results and the fact that we have observed post-tetanic depressions in normal medium in single post-LTP calcium signals, with the depressions blocked by TPEN, support the idea that released mossy fiber zinc inhibits presynaptic calcium . In the present work, we have investigated whether the aforementioned calcium enhancement also occurs in the absence of LTP and during LTPinducing stimulation. For this purpose, we have measured presynaptic Fura-2 calcium transients, evoked by single or tetanic stimulation, at the zinc-enriched mossy fiber synapses and also, for comparison, at the CA3-CA1 synapses from hippocampal CA1 area. Previous work has reported a concentration-dependent effect of the zinc chelator Ca-EDTA on mossy fiber LTP induction (Li et al., 2001a) . Bearing mind that 20 μM TPEN did not prevent the formation of mossy fiber LTP (Quinta-Ferreira and Matias, 2004), we also addressed the question as to whether a higher concentration of TPEN might block the induction of this form of LTP, taking into account the possible intrinsic toxicity of this chelator (Ahn et al., 1998; Canzoniero et al., 2003) .
Part of the present results have been reported in abstract form (Quinta-Ferreira and Matias, 2002) .
EXPERIMENTAL METHODS
All the studies involving animals were in agreement with the Guiding Principles in the Care and Use of Laboratory Animals from the European Union.
Electrophysiology
Young adult Wistar rats (4-6 weeks old) were anaesthetized with ethyl-eter and quickly decapitated. Transverse hippocampal slices (400 μm thick) were prepared and maintained in artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl 124; KCl 3.5; NaHCO 3 24.0; NaH 2 PO 4 1.25; MgCl 2 2.0; CaCl 2 2.0 and glucose 10, at pH =7.2-7.4. The slices were gassed with 95% 0 2 , 5% CO 2 and after a resting period of one hour, transferred to the recording chamber (T = 30-32ºC). Mossy fiber/CA3 pyramidal cell synapses or CA3-CA1 synapses were stimulated using a stainless steel bipolar electrode placed at the mossy fiber tract or at the Schaffer collateral fibers, respectively. Extracellular potentials were recorded using glass micropipettes filled with 2 M NaCl (1-5 MΩ resistance), placed at the CA3 or CA1 pyramidal layers. Only the slices that exhibited paired-pulse facilitation (50 ms interval) were accepted for further studies. The current intensity was set at 40% of the saturation value (100-400 μA), and the slices stimulated at the control frequency (0.016 Hz), except during the tetani. LTP was induced by two trains of 100 stimuli (100 Hz, 1 s), separated by a 30 s interval. The evaluated parameter was the amplitude of the population spikes, with the baseline value being the average of the first ten records.
Calcium measurements
Presynaptic calcium transients were measured more than one hour after local injection of the permeant form of the fluorescent calcium indicator Fura-2. The solution (0.9 mM Fura-2, 10% Dimethylsulfoxide (DMSO) and 1% pluronic acid) was pressure injected in the mossy fiber pathway. Fluorescent calcium signals were detected using an optical transfluorescence setup, with a xenon lamp and a single silicon photodiode. Fluorescence excitation and emission wavelengths were selected by means of a narrowband pass filter (380 nm, 10 nm bandwidth) and a long bandpass emission filter (>500 nm), respectively. The signal from the photodiode passed through an I/V converter with a very high feedback resistance (1 GΩ), and the output from this unit was introduced into one AC-coupled amplifier with a low cutoff frequency (1 Hz).
The optical traces show fractional changes (ΔF/F), where ΔF represents the change in fluorescence induced by electrical stimulation and F, the resting fluorescence corrected for background fluorescence. This value was measured at an equivalent region of the slice containing no dye-related fluorescence.
Drug application
Because of the complex circuitry of the hippocampal CA3 area, the group II metabotropic glutamate agonist (2S, 2R,3'R)-2-2-(2'3' Dicarboxylcyclopropylglicine (DCG-IV) (1 μM)) was used at the end of the experiments performed in the CA3 area to verify if the signals of interest had mossy fiber origin (Kamiya and Ozawa, 1999) . The permeant zinc chelator TPEN (20 μM or 100 μM) and the drugs 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (10 μM) and D(-)-2-amino-5-phosphonopentanoic acid (D-APV) (50 μM), antagonists of AMPA and NMDA receptors, respectively, were applied in the perfusate. All drugs were applied for periods of 40-90 min. The solutions containing them where recirculated normally, using 100 ml of solution.
Data are expressed as mean ± S.E.M. Statistical significance was evaluated using the Student's t-test (p < 0.05).
Drugs used were TPEN, Fura-2, Pluronic F127 (Molecular Probes Europe BV, Leiden NL); DMSO (Sigma); CNQX, D-APV, DCG-IV (Tocris Cookson, Bristol, UK).
RESULTS

Effect of TPEN on single and tetanic calcium transients and field potentials
We have shown previously that after LTP formation, the heavy metal chelator TPEN (at a concentration of 20 μM) leads to an enhancement of single-stimuli-evoked calcium transients, with no significant effect on synaptic transmission (QuintaFerreira and Matias, 2004) . The effect of the same concentration of TPEN was now observed in LTP-naïve slices. The left panels of Figure 1 show the effect of TPEN (20 μM) on single presynaptic calcium signals (upper panel) and on the corresponding field potentials (lower panel), induced by mossy fiber activation. In each panel, the upper traces show sample signals, representing the optical calcium transients relative fluorescence changes (ΔF/F) of about 1%. The graphs represent the average normalized amplitude of the signals from various experiments. In each experiment, the amplitudes were normalized by the average amplitude of the values recorded in the control solution (ACSF). In these experiments, the application of TPEN caused an increase in the normalized amplitude of the calcium transients, of 19 ± 3 % (mean ± S.E.M.; n = 2) with respect to control, at 60-70 minutes after the addition of the chelator, as can be observed in the graph (Fig. 1a) . As expected, those signals were not affected significantly by the antagonists of the AMPA and NMDA glutamate receptors, CNQX (10 μM) and D-APV (50 μM), respectively, which confirms their presynaptic nature. Figure 1b shows the effect of TPEN on corresponding field potentials, evoked by single stimuli. No significant differences were observed between the amplitudes of the population spikes in the control and in the TPEN solutions, with the latter measuring 98 ± 6 Figure 1 . The zinc chelator TPEN enhances calcium transients evoked by mossy fiber but not by Schaffer-collaterals stimulation. A. Fura-2/calcium sample transients (upper part) and normalized amplitude of the calcium signals (lower part) in the presence of ACSF, TPEN (20 μM) (dark bar) and CNQX (10 μM) plus D-APV (50 μM) (light bar) (n = 2). B. Sample field potentials (upper part) and normalized amplitude of the population spikes (lower part) in the presence of ACSF (first 9 points, forming the baseline) and in TPEN (20 μM) (dark bar) and CNQX (10 μM) plus D-APV (50 μM) (light bar) solutions (n = 3). C. Same as A, for calcium signals evoked by stimulation of the Schaffercollateral fibers and recorded in the CA1 area (n = 3). D. Same as B, for field potentials induced by stimulation of the Schaffer-collaterals and recorded in the CA1 somatic area (n = 3). The sample traces A-C were measured at the times indicated by the letters in the graphs and are the average of 10 (a) or 5 (b-d) consecutive records. The interruptions in the time axis correspond to the initial period (1h for TPEN and 1/2 h for CNQX+D-APV) of the change of solutions, with the slices being stimulated at the control frequency (0.016 Hz) throughout all the experiment. Data are reported as mean ± S.E.M. All stimuli were given at baseline stimulus strength. % (mean ± S.E.M.; n = 3) of the control values. The right panels (Figs. 1c and d) show the effect of TPEN (20 μM) on calcium transients and field potentials evoked by stimulation of the Schaffer collateral-commissural pathway and recorded at the CA3-CA1 pyramidal cell synapses in CA1 hippocampal area (n = 3). Both types of signals are maintained in the presence of TPEN suggesting that, in this synaptic system, released zinc, evoked by single stimuli, does not alter presynaptic calcium or normal transmission.
We also have investigated the effect of TPEN (20 μM) on calcium signals induced by tetanic stimulation (100 Hz, 1 s), normally used to elicit LTP. In these experiments, the application of TPEN leads to an increase of the tetanically-evoked calcium transients, of 18 ± 5 % (mean ± S.E.M.; n = 5) with respect to the control signals, obtained in normal medium (Fig. 2) These results suggest that the action of TPEN (20 μM) is similar for both the single and tetanic calcium responses and that this concentration of TPEN does not affect normal synaptic transmission.
Effect of a higher concentration of TPEN on synaptic transmission and LTP induction
At the concentration previously used (20 μM), TPEN enhanced presynaptic calcium but had no effect on either synaptic transmission or LTP induction. In order to verify if TPEN acted in a concentrationdependent manner in the latter processes, we applied a higher concentration of TPEN (100 μM) in experiments designed to tetanically evoke LTP. In that medium, the field potentials evoked by mossy fiber activation were markedly reduced, to 62 ± 2 % (mean ± S.E.M.; n = 3) of their initial amplitude, with the application of TPEN (100 μM) (Fig. 3) . However, even under these conditions, TPEN did not block LTP induction triggered by the delivery of two tetani (100 Hz, 1 s). As can be observed in Fig. 3 , the amplitude of the elicited LTP, represented by the amplitude of the population spikes recorded 20-30 min after tetanic stimulation, was 52 ± 7 % (mean ± S.E.M.; n = 3) higher than that of the ten pre-tetani values. The amplitude of the population spikes was also strongly reduced, to 32 ± 7 % of that of the initial (ACSF) values, by the application of DCG-IV (1 μM). This fact is in agreement with previous findings (Kamiya and Ozawa, 1999) and rules out the existence of significant contamination by associational/ commissural fiber activation. These results suggest that at higher doses, up to a concentration of 100 μM, TPEN partially blocks synaptic transmission, but does not prevent LTP formation. 
DISCUSSION
The first part of this study shows that single-stimuli evoked mossy fiber calcium signals, obtained in the presence of the permeant zinc chelator TPEN (20 μM), are enhanced with respect to control values. The corresponding field potentials, recorded in the same medium, are not altered in agreement with the results of previous zinc-chelating and knockout studies, showing that normal zinc release has no effect on synaptic strength Vogt et al., 2000; Li et al., 2001; Lopantsev et al., 2003) . Thus, the present data show a differential effect of TPEN on the calcium responses and field potentials, which is similar to that described for the same signals during mossy fiber LTP . As proposed for the CA3-CA1 synapses in CA1 area (Wu and Saggau, 1997) , this type of effect might be due to the existence of a nonlinear relationship between postsynaptic Figure 3 . The application of TPEN partially blocked synaptic transmission but did not prevent the induction of mossy fiber LTP. Sample field potentials (upper part) and normalized amplitude of population spikes (lower part) in ACSF and in the presence of TPEN (100 μM, dark bar) and DCG-IV (1 μM, light bar) (n = 3). The arrow indicates the time of application of two tetani (100 Hz, 1 s, each), given to induce LTP. The sample traces A-D were measured at the times indicated by the capital letters in the graphs and are the average of 5 consecutive records. No data was recorded during the initial period of application of the drugs (1h for TPEN and 1/2 h for DCG-IV), represented by the parallel traces in the time axis, with the slices being stimulated at the control frequency (0.016 Hz) throughout the experiment. Data are reported as mean ± S.E.M. All stimuli were delivered at baseline stimulus strength.
potential and presynaptic calcium concentration. In the present work, TPEN (20 μM) also caused an enhancement on presynaptic calcium changes evoked by one tetanus. These results suggest that in normal medium both single and tetanically evoked mossy fiber calcium responses are inhibited by released zinc, with the singlefield potentials remaining unaltered. However, following an abundant zinc release caused by multiple tetanic stimulation, an inhibitory effect that was blocked by TPEN (20 μM) was observed in both single calcium transients and field potentials . This suggests that intense zinc release depresses both presynaptic calcium and excitatory transmission, the depression of the field potentials being consistent with the reported inhibitory action of high levels of exogenous zinc on synaptic transmission . Reduced calcium influx, following both single and tetanic stimulation, could occur via the inhibition of presynaptic voltage-dependent calcium channels, through direct (Harrison and Gibbons, 1994) or indirect zinc actions. In the latter case, the inhibition of those channels might be caused by cell hyperpolarization following activation by zinc of presynaptic ATP-sensitive potassium channels (Bancila et al., 2004) . As expected, at the CA3-CA1 synapses, characterized by a lower concentration of vesicular zinc (Frederickson and Danscher, 1990) , the same concentration of TPEN (20 μM) had no effect on either the single calcium signals or the single-field potentials. Thus, the observations support the idea that the calcium enhancement, caused by TPEN, is specific for the zincrich mossy fiber synapses.
It should be noted that the calcium signals were obtained with the permeant form of Fura-2, which has a much higher affinity for zinc than for calcium (Grynkiewicz et al., 1985) . Thus, in order to detect presynaptic calcium changes independent of Fura-2/zinc complexation, the optical traces were recorded using an excitation wavelength of 380 nm, close to the isosbestic point of the Fura-2/zinc complex (Grynkiewicz et al., 1985; Vega et al., 1994) . Also, it could be argued that the observed calcium enhancements reflect a TPEN-evoked change in the properties of the free or calcium-complexed Fura-2 spectra, instead of a zinc effect on presynaptic calcium. This possibility was ruled out based on cuvette fluorescence studies that have shown that TPEN has no effect on those Fura-2 types of spectra (unpublished observations).
In relation to the effect of zinc on LTP induction, it has been reported that the impermeant zinc-chelating agent Ca-EDTA acts in a dose-dependent manner: low concentrations of Ca-EDTA (1-2.5 mM) did not affect mossy fiber LTP induction (Vogt et al., 2000; Li et al., 2001a) , while higher concentrations (10 mM) prevented its formation (Li et al., 2001a) . We have observed a lack of effect of TPEN on mossy fiber LTP induction in the presence of both low (20 μM) and high (100 μM) concentrations of this chelator, in spite of the fact that the higher concentration depressed the field potentials and, thus, synaptic transmission.
The depressant action of the higher concentration of TPEN (100 μM) on synaptic transmission, which also was observed during LTP (data not shown), could be due to its intrinsic toxicity, as a consequence of non-physiological lowering of intracellular tightly bound zinc (Cuajungco and Lees, 1997; Ahn et al., 1998; Canzoniero et al., 2003) . The extremely large affinity of TPEN for zinc (10 15 M -1 ) (Arslan et al, 1985) , which is higher than that of zinc for metallothioneins (10 13 M -1 ) and proteins (10 7 M -1 ), could lead to the complexation and, consequently, reduced availability of these components of endogenous zinc, which are required for normal cellular functions (Ahn et al., 1998; Canzoniero et al., 2003) .
In the present work, we have observed the formation of LTP in the presence of the permeant zinc chelator TPEN during both normal transmission and TPEN-evoked decreased activity. Our results are thus in agreement with the idea that the induction of mossy fiber LTP is not mediated by released zinc. This idea is supported by data of other zinc-complexation studies Vogt et al., 2000) and by the findings that in transgenic mice, which are unable to stain zinc in the mossy fiber pathway, tetanic stimulation-induced mossy fiber LTP as in normal animals (Vogt et al., 2000) . On the other hand, the observations that mossy fiber LTP was impaired following a low-zinc diet (Lu et al., 2000) or in the presence of a large concentration of an impermeant zinc chelator (Li et al., 2001a) , suggest that zinc is involved in the formation of LTP. In line with this observation. it has been proposed that released zinc enters the postsynaptic terminal where it acts as a second messenger in LTP formation (Li et al., 2001a, b) .
The reason for the different results is not known but may be related to the fact that the various experimental approaches may lead to different intracellular zinc availability and metal/chelator complexes. These could be formed with other physiological heavy metals, besides zinc, particularly iron and copper, some of which are potentially toxic (Armstrong et al., 2001 ). In addition, depending on the amount of both zinc released and chelator present, exogenous chelators might have either a neuroprotective or neurotoxic effect, based on their ability to lower pathological or normal endogenous zinc levels, respectively (Cuajungco and Lees, 1998; Armstrong et al., 2001) . The difference between the environments of action, intra-or extracellular, for membrane-permeant and impermeant chelators, respectively, containing different zinc-binding ligands (Frederickson et al., 2000) , also may contribute to the observed differences. For example, it has been shown that zinc-deficient diets lead to 30% reduction in mossy fiber zinc (Wensink et al., 1987) . Furthermore, it has been reported that, in in vivo studies, TPEN can prevent zinc and iron neurotoxicities but not copper toxicity, in spite of the fact that it has a much higher affinity for copper (10 20 M -1 ) than for zinc (10 15 M -1 ) (Armstrong et al., 2001) . However, in the same work, Ca-EDTA could prevent the toxicity of the three metal ions.
Thus, the existence of two types of results concerning the requirement of zinc for mossy fiber LTP induction suggests that more work needs to be done before this issue is resolved. Also, the involvement and relative contribution of presynaptic calcium mechanisms, in particular voltagedependent calcium channels and ATPsensitive potassium channels, in calciummediated inhibitory zinc effects requires further studies. More generally, the conditions under which different zincsensitive mechanisms mediate the zinc actions observed both in physiological and in pathological states remains to be clarified.
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